Abstract. The purpose of this paper is to describe a gas-phase partitioning tracer method for the in situ measurement of soil-water content and to illustrate the application and performance of the tracer method in well-defined systems. The method is based on the use of a tracer test with nonpartitioning and partitioning tracers introduced into the system in the gas phase. Partitioning tracers dissolve into the water, which retards their gas-phase transport relative to that of the nonpartitioning tracers. Retardation of the partitioning tracers is a function of the amount of water present. The method provides an integrated field-scale value that complements smaller-scale methods, such as neutron moderation, and regional-scale methods based on remote sensing. Experiments were conducted in the laboratory and in a large weighing lysimeter to test the performance of the gas-phase partitioning tracer method. Soil-water contents estimated from the tracer tests were reasonably close to values obtained using gravimetric and time domain reflectometry measurements, indicating the tracer method has the potential to provide accurate measurements of soil-water content at the field scale.
Introduction
Characterizing soil-water content is critical to many activities associated with agriculture, forestry, hydrology, and engineering. For example, knowledge of soil-water content is especially important for management of agricultural resources, for flood control, and for predicting contaminant transport in the vadose zone. Several methods, including neutron moderation, time domain reflectrometry (TDR), and gravimetric analysis of core samples, are commonly used to measure soil-water content. These methods provide a "point" estimate of soilwater content within relatively small sample volumes (-10 -3 m3). While this is an advantage for obtaining accurate infor-retardation of CO2 as compared to helium (a nonpartitioning tracer), the soil-water content in a column packed with silica sand was estimated to be 0.14 cm 3 cm -3. This value is similar to the gravimetrically measured value of 0.16 cm 3 cm -3. These results indicated that the gas-phase partitioning tracer method has the potential to provide accurate estimates of soil-water content.
Theory of Partitioning Tracers
The experimental and theoretical basis for the retention of dissolved or gaseous solutes by immobile, immiscible-liquid phases and the resultant impact on solute (tracer) transport has been described previously [Brusseau, 1992; Jin et al., 1995; Brusseau et al., 1997] . Essentially, an immobile and immiscible fluid reversibly retains the partitioning tracer, which retards its transport with respect to that of nonpartitioning tracers. For the present application, soil water is considered to be essentially immobile relative to the rate of gas flux associated with induced-gradient gas tracer tests.
The procedure for determining volumetric soil-water content, Ow, involves measurement of a retardation factor R for the gas-phase partitioning tracer. The retardation factor is defined as the quotient of the mean travel times of the partitioning and nonpartitioning tracers. The mean travel times are obtained by standard moment analysis of the tracer breakthrough curves [e.g., Skopp, 1984; Jin et al., 1995] .
The retardation factor for gas-phase transport of a tracer retained by the aqueous, sorbed, and gas-water interface phases is given as where 0 t is total porosity and Sw is soil-water saturation. From (2) it is clear that a gas-phase tracer experiment conducted with nonpartitioning and partitioning tracers can provide a measure of Ow if either Oa or Ot are known. Additionally, soil-water saturation can be determined without knowledge of O a or O t. In this case the only parameter that must be known is K•i. Henry's law constants are often available in the literature and can be measured in the laboratory.
The soil-water content values obtained from partitioning tracer experiments are "global" values, representing an integration of soil-water contents distributed throughout the contacted domain. The magnitude of the observed retardation, and thus of soil-water content, is a function of the areal influence of the tracer test (swept zone) and the volume of water in the swept zone. The scale of measurement corresponds to the size of the swept zone, which is controlled by the placement of the injection and sampling points. Thus the tracer method provides a measure of soil-water content at scales that can be considered as intermediate to the traditional, small-scale methods (e.g., gravimetric analysis of soil cores, neutron probe moderation, and TDR) and regional (e.g., watershed scale) methods based on remote sensing. Additional advantages of the tracer technique include the absence of depth limitations and the ability to tailor the scale of measurement to specific needs.
The partitioning tracer method can be used to determine the areal distribution of soil-water content at the field scale. This can be accomplished, for example, by conducting three tracer tests using a set of three injection wells and one extraction well. The injection wells would be placed in a triangle, with the extraction well at the center. A tracer test would be conducted between each injection well and the extraction well. The use of monitoring wells can provide additional information for determining areal distributions. Furthermore, the use of multilevel sampling in the monitoring wells would allow the vertical distribution of soil-water content to be determined.
The experimental conditions of the tracer test and the characteristics of the physical system can influence the measurement of soil-water content. Thus, it is important to recognize that the tracer test may in some cases measure an "effective" soil-water content, which represents the fraction of the soilwater content contacted by the partitioning tracer. In some cases the effective soil-water content would be expected to be less than the total soil-water content. This may occur, for example, when mass-transfer constraints are significant or when a substantial portion of the air phase (and associated water) is isolated from the tracer pulse.
Tracer Selection
A tracer selected for use should have the following characteristics: (1) low toxicity, (2) low cost, (3) low background levels, (4) no biodegradation or other transformation reactions, (5) no sorption to porous media or to materials composing the tracer experiment infrastructure such as PVC and stainless steel, (5) low detection levels such that it can be injected at concentrations several orders of magnitude higher than its detection limit, and (6) 
Materials and Methods

Laboratory Experiments
The tracer experiments were conducted using uniformly wetted, homogeneous Vinton fine sand (sandy, mixed thermic Typic Torrifluvent). The sand was mixed with a known amount of water and packed wet. Dibromodifluoromethane (BFM) was used as the water-partitioning tracer, and methane served as the nonpartitioning tracer. Both tracers were custom mixed in a balance of nitrogen (Air Products, Long Beach, California, and Spectra Gases, Alpha, New Jersey, respectively). Nitrogen was used as the background gas to establish a steady flow and to obtain a steady flame ionization detector (FID) baseline prior to each tracer experiment. Pertinent properties of the tracers are listed in Table 1 . A 10.5-cm-long (5.08-cm ID) stainless steel column (MODcol, St. Louis, Missouri) was used with diffusion plates fitted at both ends to allow an even distribution of vapor across the column cross section. All system components through which the gases flowed were connected with 0.3-cm-ID (1/8 inch) stainless steel tubing and 0.3-cm stainless steel Swagelok fittings (Arizona Valve and Fitting Co., Phoenix, Arizona).
The experimental setup was similar to the gas-phase flow system described by Brusseau et al. [1997] . Nitrogen gas, with or without the tracers, was introduced into the system via NELSON ET AL.: GAS-PHASE PARTITIONING TRACER METHOD high-pressure gas cylinders. Prior to entering the column, the gas passed through a 500-mL gas washing bottle (Pyrex, Ace Glass, Vineland, New Jersey) for humidification to prevent desaturation of the porous medium. Separate humidification bottles were used for gas with and without the tracers to avoid background contamination. Soil-water content was measured before and after each experiment. Prior to each experiment, the soil-water content was calculated from the known amount of water added to the known mass of dry sand. After each experiment the column was unpacked and the soil-water content was measured gravimetrically. Small aliquots of soil (<15 g) were taken from the column inlet, midpoint, and outlet to determine spatial distribution. The remaining sand was used to gravimetrically measure an average soil-water content for the column. The following procedure was used to determine Kx-i for the partitioning tracers. An aliquot of a gas standard was injected into a 21-mL crimped headspace vial containing 10 mL of distilled, deionized water. Five different-sized aliquots were used to produce five different concentrations within the headspace vial. This was done in triplicate. The vials were placed on a shaker table for 24 hours to equilibrate. A 2.5-mL aliquot of the headspace was then subsampled and placed in a headspace vial. The gas in the headspace vial was then analyzed using gas chromatography (Shimadzu, GC-17) using an electron capture detector and a headspace autosampler (Tekmar). The difference between the initial mass of the sample gas injected into the vial and the final mass of the sample gas in the headspace was assumed to have partitioned to the water phase. The Henry's law constants, calculated as the slope of the concentration in the water plotted against the concentration in the headspace, are presented in Table 1 .
Lysimeter Experiments
The partitioning tracer method was tested with controlled experiments conducted in a large weighing lysimeter located at Three tracer experiments were conducted in the lysimeter. For the first experiment a nonpartitioning tracer (SF6) was used to test the flow system and gas-sampling techniques and to obtain estimates of travel times. For the second experiment, SF 6 was used as the nonpartitioning tracer and bromochlorodifluoromethane (BCF) was used as the water-partitioning tracer. For the third experiment, BFM was used instead of BCF as the water-partitioning tracer.
Steady state flow was established by injecting air into the lysimeter through a length of stainless steel tubing. This stainless steel tubing was connected via a manifold to 18 lengths of 0.64-cm (1/4 inch) Kynar tubing embedded horizontally within a layer of pea gravel at the bottom of the lysimeter. The tubing terminated in porous stainless steel cups (50 mm long, 12.5 mm in diameter, with an air-entry pressure of 20 cm). A 3728.5 W (5 horsepower) air compressor was used to inject air, and a 559.3 W (3/4 horsepower) vacuum pump was used to extract air, at the same rate as it was injected, through four ports drilled into an aluminum lid at the top of the lysimeter (see Table 2 for flow rates). Injection and extraction flow rates were controlled using gate valves and monitored using gas flow rotameters (Dwyer Instruments, Inc., Michigan City, Indiana, or Omega, Stamford, Connecticut).
The gas tracers were contained in a 6.2-m 3 gas cylinder and injected directly into the lysimeter using the method described above for air injection. Two 2-way valves were used to switch between the tracer and tracer-free gas sources. Tracer injection began once steady state gas flow was established. Follow- ing tracer injection, tracer-free air was injected. The length of the tracer pulse and the total number of pore volumes flushed through the system are presented in Table 2 for each experiment.
The injected air was humidified to greater than 95% by passing it through a water tower prior to injection. The water tower consists of schedule 40 PVC pipe (0.3-m OD and 1.8-m length), in which wire mesh was placed to increase mass transfer. The pipe was filled with 66 L of water. This configuration provided an average residence time of 2 min for the air stream. The tracer pulse bypassed the water tower to prevent retention of the partitioning tracer. The results of calculations assuming equilibrium conditions indicate that no more than 0.063 L of water (0.0032% of the total water) would be removed from the lysimeter because of evaporation during the tracer pulse. of the lysimeter. For the third experiment a third in situ port, located near the lysimeter wall and 3.1 m from the bottom of the lysimeter, was sampled. The influent-and effluent-gas streams were also sampled. The sampling ports consist of septum injector nuts (Valco Instruments Company, Inc., Houston, Texas), connected to 6.4-mm OD Kynar tubing embedded horizontally within the soil. Inside the lysimeter the Kynar tubing terminates in porous stainless steel cups at various distances from the lysimeter wall. The tubing intersects the lysimeter wall through an airtight fitting. Gas samples were taken by withdrawing samples through the septum into a needle-tipped syringe. The gas samples were then injected from the syringe A vacuum test was conducted before the tracer experiment . into evacuated 80-mL aerosol canisters (Tracer Research, Tucto check for air leaks. The measured leakage rate was approximately 0.29 L min-•, which is about 1% of the flow rates used during the experiments. This test was conducted using a vacuum of 51.6 cm, which is 25 times higher than the vacuum used during the tracer test (2.1 cm) and therefore provides an overestimate of the actual leakage expected during the tracer test.
A helium leak test was conducted in addition to the vacuum tests. Helium was pumped into the lysimeter and a helium-leak detector was used to check for leaks at all fittings and connections. Leaks identified by the helium test were corrected before conducting the experiments.
In situ samples were collected from two horizontal planes located at 1.75 m and 3.1 m from the bottom of the lysimeter. The samples were collected from ports located near the center son, Arizona). The first volume of gas withdrawn was expelled as a purge volume. The tracers were analyzed by gas chromatography (Shimadzu, GC-17) using an electron capture detector. Pertinent properties of the tracers are listed in Table 1 For all breakthrough curves the time axis was converted to pore volumes by dividing by the mean travel time determined for SF 6 at the given location (assumed to be the time for one pore volume). The concentration axis was converted to relative concentration by dividing the measured concentration by the input concentration (Co). For the column systems, travel time was corrected for the known system dead volume. Additionally, the total observed retardation factor was corrected for BFM retention by the apparatus. Peclet numbers, representing the relative contributions of advection and dispersion to mass transport, were determined using a nonlinear least squares optimization program incorporating the one-dimensional advection-dispersion equation [van Genuchten, 1981 ].
4.
Results and Discussion
Results of Laboratory Experiments
Breakthrough curves for transport of methane and BFM in the packed column are shown in Figure 2a A value of 0.071, which is larger than the measured value, was estimated from the tracer-test results using a comparative moment analysis as would typically be done in field applications. For another set of experiments conducted at a higher soilwater content (measured value of 0.090), the value estimated from the tracer-test results using comparative moment analysis was 0.063.
Results of Lysimeter Experiments
Average measurements of air porosity (0t -Ow), soil-water content, and soil-water saturation from gravimetric analysis of soil cores and TDR are reported in Table 3 injection zone and for the effluent gas stream are shown in Figure 4 for the first experiment. The breakthrough curves are smooth and symmetrical, indicating near-ideal transport. Peclet numbers, pore-gas velocities (travel distance/mean travel time), and estimated air-filled porosities (volumetric flow rate divided by the product of the pore-gas velocity and crosssectional area) are reported in Table 4 . Effluent breakthrough curves for SF 6 and BCF from experiment two and for SF 6 and BFM from experiment three are shown in Figures 5a and 5b, The values of soil-water content measured by the two tracer experiments indicate higher soil-water contents at the bottom of the lysimeter. The independently determined gravimetric and TDR measurements also show increasing soil-water content with depth (Figure 3) . The soil-water content values obtained from the effluent breakthrough curves are smaller than the values measured at the three point-sampling ports. This may be due, in part, to inherent differences between extraction well samples, which represent transport behavior averaged across the entire swept zone, and point samples, which represent transport behavior along a specific flow line. Although efforts were made to ensure that the lysimeter was homogeneously packed and that soil-water content was spatially uniform, the soil-water content profile (Figure 3 ) and bulk density profile both exhibit a small degree of heterogeneity. The bulk density ranged from 1.23 to 1.55 Mg M -3, with a mean of 1.38. This heterogeneity may have contributed to spatial variability of soil-water content.
Conclusions
The results of the experiments indicate that the tracer tests accurately measured soil-water contents for systems with relatively uniform soil-water contents and homogeneous porous media. This method would complement both the traditional, small-scale methods and the regional-scale (watershed) methods of measuring soil-water content. Although the mean value of Ow obtained from the tracer tests in the lysimeter agrees with the values obtained from the gravimetric and TDR measurements, it should be noted that the retardation factors (1.05 to 1.13) are at the lower limit of the acceptable range. For less controlled experiments a retardation factor of 1.1 may not be sufficient to estimate robust values of soil-water content. In addition, it should be stressed that field tests of the partitioning tracer method may not achieve the same level of performance as demonstrated by our experiments. Our well-controlled laboratory and lysimeter experiments minimized factors such as rate-limited mass transfer, nonuniform distribution of soilwater content, and porous media heterogeneity that can constrain the application of the method.
Nonideal transport behavior, caused by factors such as ratelimited mass transfer, variable distribution of water, pneumatic-related factors, and subsurface heterogeneity, can lead to difficulties in interpreting partitioning tracer tests. For example, mass transfer between the gas and water phases may be constrained by rate-limited diffusion of the tracer within the water. Diffusive mass transfer in water is usually considered to be relatively rapid for aqueous-phase systems. However, residence times associated with gas-phase advection are generally much smaller than those for aqueous-phase advection. Thus the timescale of aqueous diffusion coupled with the short residence times of gas-phase transport can cause diffusion within water to be significantly rate limited [e.g., Popovicov• and Brusseau, 1998 ]. As a result, mass transfer between the gas and water phases may be rate limited, which may prevent the accurate calculation of moments and therefore cause underestimation of the soil-water content.
The performance of a partitioning tracer test can also be influenced by heterogeneity-related factors. For example, gas may flow primarily around zones of higher soil-water content because of the reduced relative air permeabilities associated with these zones. Such bypass flow may limit the contact of the tracer gas to the periphery of the high-saturation zone, which issues is required prior to complete acceptance of the gasphase partitioning tracer method as a viable alternative for measuring soil-water content.
